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As  part  of  the  DNA  stemming  and  containment  program  for  underground  nuclear 
testing,  laboratory  investigations  were  carried  out  in  three  areas:  genera- 

tion of  experimental  results  suitable  for  correlation  with  predictions  of 
computer  codes  used  in  DNA  grout  flow  calculations,  development  of  a con- 
tainment experiment  for  studying  residual  stress  fields  around  exploded  cavi- 
ties, and  a theoretical  analysis  for  studying  the  residual  stress  fields. 
Grout  flow  results  were  generated  and  supplied  in  a form  suitable  for  code 
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20.  ABSTRACT  (Continued) 


’ correlation.  The  containment  experiment  was  brought  to  an  advanced  stage  of 
development.  The  theoretical  analysis,  based  on  many  simplifying  assumptions, 
was  completed  up  to  the  second  cavity  expansion  stage,  resulting  in  a reason- 
able description  of  the  stress  field  formation. 


SUMMARY 


The  purpose  of  this  project  is  to  conduct  laboratory  investigations 
in  support  of  the  DNA  stemming  and  containment  program  for  underground 
nuclear  tests. 

Over  the  years,  the  DNA  stemming  and  containment  program  has  con- 
sisted of  five  main  parts: 

(1)  Code  development  and  application  for  ground  motion, 
tunnel  closure,  and  grout  flow  calculations . 

(2)  Material  properties  determination. 

(3)  Laboratory  investigations. 

(4)  Scaled  high  explosive  tests. 

(5)  Field  diagnostics. 

SRI  has  been  conducting  the  laboratory  investigations. 

During  this  phase  of  the  laboratory  program,  experimental  results 
were  generated  for  correlation  with  grout  flow  code  predictions,  a con- 
tainment experiment  was  developed  to  study  the  residual  stress  surrounding 
an  exploded  cavity  in  a rheological  material,  and  a simple  analysis  was 
performed  to  describe  the  formation  of  the  residual  stress  field. 

A dynamic  grout  extrusion  technique  was  used  to  generate  results 
suitable  for  correlation  with  grout  flow  code  predictions.  With  this 
technique,  a cylindrical  specimen  of  superlean  grout  (SLG)  in  a heavy 
steel  tube  is  extruded  into  a coaxial  transparent  tunnel  of  smaller  dia- 
meter by  a steel  piston.  The  piston  is  driven  by  a well  defined  pressure 
pulse  and  the  motion  of  the  piston  and  SLG  front  is  observed  by  high  speed 
camera.  Colored  ceramic  beads  are  embedded  in  the  grout  to  observe  the 
initial  and  final  positions  of  an  array  of  particles.  An  auxiliary  experi- 
ment was  devised  and  used  twice  to  obtain  the  friction  between  SLG  under 
pressure  and  the  steel  container  walls.  Properties  of  the  grout  were 
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determined.  Recommended  improvements  to  the  technique  are  more  precise 
control  over  the  grout  properties  and  further  friction  experiments  to 
establish  reliability  and  dependence  on  pressure  and  velocity. 

In  the  containment  experiment,  a small  spherical  charge  is  cast  in 
a sphere  of  rock  matching  grout  (RMG)  with  properties  similar  to  those 
of  Nevada  Test  Site  tuff.  The  RMG  sphere  is  hydraulically  pressurized 
to  represent  overburden.  The  explosive  is  detonated  and  the  residual 
gases  released  by  drilling  into  the  cavity.  Dyed  glycerol  fluid  is 
pumped  into  the  cavity  at  a constant  flow  rate  until  fracture  occurs  and 
a steady  radial  pressure  gradient  is  established.  The  internal  pressure 
is  removed  and  then  the  external  pressure  is  removed.  The  cracked  sphere 
is  drained  and  tapped  into  two  parts  by  use  of  a chisel,  and  each  ex- 
posed fracture  plane  is  photographed.  The  main  observations  of  this 
work  are 

• Hydrofracture  pressures  in  an  exploded  cavity  were  50% 
higher  than  those  in  an  unexploded  cavity. 

• Existence  of  a residual  stress  field  was  demonstrated  by 
the  increased  hydrofracture  pressure  and  by  fracture 
patterns . 

• Permeability  was  decreased  by  the  explosion. 

• Reproducibility  of  the  hydrofracture  experiments  with 
an  unexploded  cavity  was  good. 

• Further  work  is  required  to  demonstrate  reproducibility 
of  hydrofracture  experiments  with  an  exploded  cavity. 

In  the  containment  analysis,  a gas  with  a known  equation  of  state 
is  assumed  to  instantaneously  pressurize  a spherical  cavity  in  a solid 
homogeneous  and  Isotropic  medium.  The  analysis  was  rendered  tractable 
by  the  following  idealizations: 

• Incompressibility 

• Elastlc-perfectly  plastic  behavior 

• Yielding  by  the  Mlses  condition 

• Plastic  straining  by  the  associated  flow  rule. 
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Overburden  is  Included  as  a constant  pressure  infinitely  far  from  the 
cavity.  Numerical  examples  are  used  to  describe  cavity  expansion  and 
formation  of  the  residual  stress  field.  Predictions  generally  agree 
with  the  predictions  of  finite-difference  codes;  cavity  expansion  agrees 
with  the  containment  experiment.  Formulas  were  derived  for  estimates 
of  cavity  expansion  and  maximum  residual  stresses  and  their  locations. 
The  next  step  in  the  analysis  is  to  incorporate  a yield  condition  that 
is  stronger  in  compression  than  tension  to  make  the  analysis  more  repre- 
sentative of  rheological  materials. 
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I INTRODUCTION 


During  an  underground  nuclear  explosion,  the  burst  of  radiation 
that  travels  along  a steel  line-of-slght  vacuum  pipe  to  the  test  sta- 
tions is  followed  by  ground  shock  collapse  of  the  pipe.  Energy  flow  from 
the  source  and  the  violent  pipe  collapse  form  a plasma  jet,  which  must  be 
stopped  before  the  plasma  can  reach  the  test  stations  and  damage  the  ex- 
periments. Devices  like  mufflers  and  doors  delay  the  plasma  so  that  the 
ground  shock  can  seal  the  pipe  ahead  of  it.  The  tunnel  space  around  the 
pipe  is  filled  with  grout  to  provide  mechanical  coupling,  so  that,  on 
closure,  the  tunnel  becomes  filled  with  grout  and  broken-up  pipe.  The 
ground  motion  ceases  more  rapidly  than  the  grout  motion  so  that  grout 
continues  to  flow  along  the  tunnel  for  some  time.  This  grout  flow  is 
also  aided  by  the  gas  pressure  in  the  device  cavity.  In  a successful 
stemming  scheme,  this  late-time  extrusion  is  halted  before  the  grout 
reached  the  test  stations. 

The  spherically  diverging  ground  motion  is  eventually  brought  to 
rest  by  outward  energy  radiation  of  stress  waves,  energy  dissipation  of 
crushing,  distortion,  and  crack  formation,  and  the  combined  resistance 
of  tensile  tangential  stresses  and  overburden  pressure.  This  combined 
resistance  eventually  causes  a rebound  of  the  medium  that  may  cause  fur- 
ther plastic  work  around  the  cavity  and  intensify  the  residual  stress 
field. 

In  underground  nuclear  tests,  it  is  required  that  radioactive  gases 
not  be  released  into  the  atmosphere.  In  general,  this  requirement  will 
be  met  if  experimental  tunnels  leading  from  the  nuclear  device  cavity 
are  stemmed  successfully  and  if  the  residual  cavity  gases  are  contained 
by  the  adiacent  surrounding  medium.  Th*"  residual  stress  field  created 
around  the  cavity  by  the  explosion  probably  aids  containment.  Although 
containment  has  been  achieved  for  many  years  and  stemming  has  generally 
been  successful  in  recent  nuclear  tests,  reliability  is  uncertain  and 
planned  tests  still  require  extensive  containment  evaluation. 
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Over  the  years,  the  DMA  stetnming  and  containment  (SAC)  program  has 

consisted  of  five  main  parts:  code  development  for  ground  motion,  tunnel 

closure,  and  grout  flow  calculations,  material  properties  determination, 

laboratory  investigations,  scaled  high  explosive  tests,  and  field  diag- 

1-4 

nostics.  SRI  has  been  conducting  the  laboratory  investigations. 

Our  laboratory  investigations  during  the  last  year  are  completely 
documented  in  Topical  Reports  3702-1,  3702-2,  3702-3,  and  3702-4.  This 
report  serves  to  summarize  our  findings.  The  areas  of  research  summarized 
in  Section  II  are  dynamic  grout  extrusion  experiments  (Topical  Report 
3702-4),^  experiments  developed  to  study  the  residual  stress  field  sur- 
rounding an  exploded  cavity  (Topical  Report  3702-3),^  and  a simple  analy- 
sis performed  to  describe  the  formation  of  the  residual  stress  field 
(Topical  Report  3702-2).^  Sections  III,  IV,  and  V of  this  report  sum- 
marize the  developmental  progress  and  the  principal  results  obtained. 

At  the  start  of  this  year's  work,  photoplasticity  was  considered 
for  investigating  residual  stress  fields  caused  by  the  dynamic  expansion 
of  holes  and  cavities.  The  work  led  to  the  conclusion  that  the  method 

g 

is  unsuitable  and  is  described  in  SRI  Topical  Report  3702-1. 
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I I LABORATORY  PROGRAM 


The  three  main  areas  of  the  ongoing  SAC  laboratory  study  are 

• Dynamic  SLG  extrusion  experiments 

• Containment  experiments 

• Simple  containment  analysis. 

These  investigations  are  described  here.  The  main  results  are  presented 
in  Sections  III,  IV,  and  V. 

A.  Dynamic  SLG  Extrusion  Experiments 

Part  of  the  DNA  SAC  program  is  the  development  and  application  of 
advanced  finite-difference  codes  to  improve  calculations  on  grout  flow 
along  a tunnel.  A dynamic  grout  extrusion  experiment^  was  developed  to 
provide  results  for  code  validation. 

Figures  1 and  2 show  the  extrusion  apparatus  in  which  a cylindrical 
specimen  of  superlean  grout  (SLG)  in  a steel  container  is  driven  into  a 
concentric  tunnel  in  a Lucite  cylinder  by  a steel  piston.  The  energy 
source  is  a charge  of  low  pressure  explosive  consisting  of  an  80/20  mix- 
ture by  weight  of  PETN  powder  and  plastic  microballoons.  The  gaseous 
detonation  products  pass  through  holes  in  two  baffle  plates  to  fill  an 
expansion  chamber.  The  resulting  pressure  acts  on  a diaphragm  and  is 
transmitted  to  the  piston  through  a layer  of  oil.  With  this  loading 
assembly  design,  innumerable  pulse  shapes  can  be  obtained  having  a fairly 
smooth  rise  and  a very  smooth  decay. 

Instrumentation  consists  of  a high-speed  camera  that  records  the 
SLG  surface  displacement  along  the  tunnel  in  the  Lucite.  This  camera 
also  records  the  piston  displacement  by  observing  piston  extension  rods 
that  move  along  fixed  scales  in  the  camera  view.  Figure  3 shows  typical 
frames  taken  from  the  high-speed  camera  film  of  a development  test.  Two 
pressure  transducers  record  the  pressure  in  the  oil  that  transmits  the 
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explosive  gas  pressure  to  the  piston.  Small  colored  ceramic  beads  were  I 

cast  in  the  grout  for  pretest  and  posttest  displacement  assessment  to 
supplement  the  instrumentation  data. 

The  SLG,  designated  HSSL-IA  because  it  is  made  with  the  formula  for 

2 

HSSL-1,  is  a grout  with  well  characterized  material  properties  (Figure  4); 

14-day  aging  was  selected. 

Figures  5 and  6 show  the  two  SLG  containers  used  in  the  experiments. 

These  containers  serve  as  molds  for  SLG  pouring  and  aging  and  as  nozzles 
for  the  extrusion  process. 

In  typical  experiments,  35  grams  of  explosive  mixture  produced  piston 
pulses  with  maximum  pressures  of  600  to  900  psi,  times  to  reach  maximum 
pressures  from  4 to  6 msec,  and  durations  greater  than  14  msec.  Grout 

1 surface  displacements  in  1-1/2-inch-dlameter  tunnels  ranged  from  3 inches 

1: 

in  11  msec  to  4 inches  in  13  msec.  Maximum  surface  velocities  ranged 
i from  25  to  45  feet/sec.  Resu] ts  are  presented  in  Section  III. 

i ; 

An  unknown  in  the  extrusion  experiments  is  the  shear  stress  at  the 

I steel  boundary  of  the  grout  caused  by  friction  between  the  grout  and  steel 

ij  or,  in  the  case  of  no  relative  interface  motion,  local  shear  stress  flow. 

To  provide  friction  data,  an  experiment  was  devised  that  consists  of 
measuring  the  resistance  of  a SLG  piston  to  motion  along  a steel  cylinder. 

Figure  7 shows  the  SLG  piston  held  between  two  short  steel  pistons  that 
are  connected  to  each  other  by  a central  steel  rod.  Before  this  composite 
piston  is  projected  along  the  steel  cylinder,  the  SLG  is  subjected  to 
pressure  by  rotating  one  steel  piston  on  the  threaded  rod.  The  pressure 
is  calculated  from  circumferential  strain  gage  or  diameter  change  readings 
along  the  cylinder.  The  composite  piston  is  attached  to  the  piston  of 
I the  extrusion  apparatus  of  Figures  1 and  2 after  removing  the  extrusion 

portion  of  the  assembly.  The  pressure  applied  to  the  piston  and  the  re- 
, suiting  motion  are  recorded  and  the  friction  force  determined  from  the 

I simple  equation  of  motion. 

I 

i 
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B. 


Containment  Experiments 


A laboratory  experiment  was  devised  and  developed  to  Investigate 
the  effect  of  a residual  stress  field  on  containment.  The  first  objec- 
tive of  this  experiment  is  to  demonstrate  that  a residual  stress  field 
exists  around  an  exploded  cavity.  The  second  objective  is  to  establish 
the  extent  to  which  the  residual  stress  field  aids  containment.  The 
experiment  is  shown  schematically  in  Figure  8.  a small  spherical  explo- 
sive charge  representing  the  nuclear  device  is  sealed  and  cast  in  a much 
larger  sphere  of  grout  with  properties  similar  to  those  of  Nevada  Test 
Site  tuff  (Figure  8a).  The  grout  surface  is  sealed  and  hydraulically 
pressurized  to  represent  overburden  (Figure  8b).  The  explosive  is  deto- 
nated and  the  residual  gases  are  released  (Figure  8c) . Fluid  is  pumped 
into  the  cavity  at  a constant  flow  rate  until  fracture  causes  equaliza- 
tion of  internal  and  external  pressures  (Figure  8d). 

The  final  stages  of  gas  release  and  cavity  pressurization  are  in- 
cluded to  determine  the  effect  of  the  residual  stress  field  by  comparing 
the  cavity  pressure  required  to  crack  the  RMG  sphere  with  and  without 
residual  stresses.  In  the  experiments  without  a residual  stress  field, 
spherical  cavities  are  cast  in  the  grout  spheres;  the  cavities  are  the 
same  size  as  the  exploded  cavities. 

Figure  9 sliows  a 12-inch-diameter  RMG  sphere  inside  a steel  vessel 
containing  water  under  pressure.  The  sphere  is  suspended  from  the  lid  by 
a threaded  steel  tube  cast  in  the  grout;  the  tube  is  used  also  to  posi- 
tion tb.e  charge,  to  guide  the  detonator  cables,  and  to  drill  into  the 

cavity  after  detonation.  The  water  pressure  in  the  vessel  was  maintained 

constant  (1000  psi)  throughout  the  test  series  by  Incorporating  a high- 
pressure  gas  reservoir  and  valve  in  the  water  supply  line. 

Figure  10  shows  the  constant  flow  rate  system.  The  specifications 
are  listed  in  Table  1.  The  motor  shaft  rotates  at  a constant  angular 
velocity  (8  rpm) . A slotted  tubular  coupling  allows  an  extension  of  the 
shaft  to  translate  as  well  as  to  rotate.  The  shaft  extension  is  threaded 
and  rotates  in  a fixed  threaded  bearing  causing  constant  velocity  transla- 
tion of  the  pump  piston.  Hence,  fluid  is  driven  at  a constant  rate  into 
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the  cavity  supply  line  (Figure  9).  Fluid  flow  is  recorded  automatically 
with  pen  and  chart  by  measuring  the  voltage  change  across  an  angular  poten- 
tiometer geared  to  the  rotating  shaft;  chart  speed  introduces  time,  and 

3 

calibration  test  results  relate  voltage  change  to  flow  (11.2  cm  /volt). 
Similarly,  pressure  is  recorded  by  measuring  the  voltage  change  across 
a calibrated  electrical  resistance  pressure  transducer. 

Figure  11  shows  the  explosive  charge  used  in  all  but  two  early  tests. 
It  contains  1 gram  of  PETN.  The  charge  has  to  be  carefully  sealed  against 
water  in  the  surrounding  grout  being  squeezed  between  the  spherical  con- 
tainer and  the  bridge  plug  to  soak  the  PETN  and  prevent  detonation.  In 
future  charge  designs,  the  amount  of  inert  material,  especially  the  bridge 

9 

plug,  should  be  reduced  to  improve  spherical  symmetry. 

Figures  12  and  13  show  properties  of  the  rock  matching  grout  used  in 
the  experiments. 

C.  Simple  Containment  Analysis 

A simple  containment  analysis^  was  performed  to  aid  in  understanding 
the  mechanics  of  dynamic  cavity  expansion  and  to  supplement  similar  work 
that  has  been  done  by  computer  codes.  In  the  formulation,  a gas  with  a 
known  equation  of  state  is  assumed  to  instantaneously  pressurize  a spheri- 
cal cavity  in  a solid  homogeneous  and  isotropic  medium.  A simple  analy- 
tical treatment  of  the  subsequent  cavity  expansion  was  made  possible  by 
idealization  of  the  following  material  properties: 

• Incompressibility 

• Elastic-per fectly  plastic  behavior 

• Yielding  according  to  the  Mises  condition 

• Plastic  straining  according  to  the  associated  flow  rule. 

Overburden  is  included  as  a constant  pressure  infinitely  far  from  the 
cavity. 

The  gas  pressure  causes  cavity  expansion  and  creates  a distribution 
of  outward  radial  particle  velocity  in  the  medium.  As  expansion  proceeds, 
the  gas  pressure  decays  and  the  tensile  tangential  stresses  increase  to 
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slow  down  expansion  and  eventually  cause  rebound  of  the  mediuin.  Sub- 
sequent, relatively  small  amplitude  oscillations  occur  until  the  kinetic 
energy  is  dissipated;  in  the  analysis,  the  energy  dissipates  only  by 
plastic  work  of  distortion.  During  expansion  and  contraction,  plastic 
zones  spread  out  from  the  cavity  and  greatly  influence  the  character 
of  the  stress  fields.  The  highly  compressive  character  of  the  residual 
stress  field  takes  shape  during  the  rebound. 

The  analysis  is  presented  in  SRI  Topical  Report  3702-2  (Reference  7) . 
Conclusions  based  on  the  analysis  are  given  in  Section  V. 
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Motor : 


Pump ; 


System : 


1 


Table  1 

HYDROFRACTURE  SYSTEM  SPECIFICATIONS 


Dayton  Gear  motor  model  5K933 
1/4  HP,  6 rpm,  600  in- lb  torque 

High  Pressure  Equipment  Co.  Model  87-6-5 
60  cm-'  capacity,  5000  psi  maximum  pressure 
4.26  cm^/min.  flow  rate  (0.71  cm^/revolution) 

Fluid:  Dyed  Glycerin 

Volume  (excluding  pump)  31.33  cm^. 
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FIGURE  5 CONICAL-CYLINDRICAL  MOLD  FOR  SLG  SPECIMEN 
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FIGURE  6 CYLINDRICAL  MOLD  FOR  SLG  SPECIMEN 


HEXAGONAL  BOSS 


STEEL  PISTON 


1/8-INCH  THICK 

-Ksteel  tube 


STUD 


STEEL  PISTON 


Piston  (Figure  1) 
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FIGURE  12  STRENGTH  PROPERTIES  OF  THE  ROCK-MATCK'NG  GROUT  SRIRMG-2C3 


Ill  EXTRUSION  EXPERIMENTAL  RESULTS 


A.  Extrusion  Experiments 

Table  2 shows  the  organization  of  the  data  for  six  dynamic  extru- 
sion tests  arranged  In  three  groups  of  two  tests.  Groups  1 and  2 have 
the  same  cone-cylinder  configuration  (Figure  5) , different  piston  pres- 
sures (Figure  14) , and  grout  from  different  batches  (Table  5) . Group  3 
has  the  cylindrical  configuration  (Figure  6),  piston  pressures  comparable 
to  those  of  Group  2 (Figure  14) , and  grout  from  the  same  batch  as  Group  2 
(Table  5)  . 

Figures  14  and  15  show  the  group  average  piston  pressures  and  Im- 
pulses, and  Figure  16  and  17  show  the  group  average  SLG  front  and  piston 
displacements.  Two  transducers  monitored  the  pressure  In  each  test.  The 
two  pressure  records  were  averaged  to  provide  the  test  average  pressure. 

In  each  group,  the  two  test  average  pressures  were  averaged  to  provide  the 
group  average  pressure. 

Figures  18  to  29  present  the  results  by  groups  to  allow  a comparison 
of  the  two  test  results  In  each  group.  The  pressures  and  Impulses  being 
compared  are  test  averages. 

Tables  3 and  4 give  the  Initial  and  final  locations  of  particles 
(colored  ceramic  beads)  cast  in  the  grout.  Figures  30  and  31  explain 
the  XY  coordinate  system  and  show  diagrams  of  the  particle  locations  and 
sample  shapes. 

B.  Friction  Experiments 

Tests  111  and  121  were  performed  to  obtain  the  friction  between  the 
SLG  and  the  steel  container.  In  both  tests,  the  SLG  in  the  steel  tube 
(Figure  7)  was  squeezed  between  the  two  steel  end  plates  to  a pressure 
of  1000  psi.  Figures  32  and  33  show  the  pressure  pulses  applied  to  the 
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piston  in  Tests  111  and  121,  and  Figures  34  and  35  show  the  resulting 
piston  displacements. 


The  equation  of  piston  motion  is 


pA  = + fS 

dt" 


where 

p = pressure  applied  to  the  piston  (Figures  32  and  33) 

3 

A = piston  area  (45.6  cm  ) 

M = piston  mass  (7808  grams) 

X = piston  displacement  (Figures  34  and  35) 

f = friction 

3 

S = surface  area  between  steel  and  SLG  (361.3  cm  ) 


(1) 


The  friction  results  of  Figure  36  were  determined  by  using  a fifth  degree 
polynomial  for  a least  squares  fit  of  the  x-t  data  to  determine  the  piston 
acceleration  in  Equation  (1).  Approximate  averages  are  2-1/2  and  3 bars 
(36  and  43  psl)  ; a fourth  degree  polynomial  gave  the  same  results.  A 
useful  addition  to  the  experiment  would  be  an  accelerometer  attached  to 
the  piston  to  attempt  to  measure  directly  the  acceleration  required  in 
Equation  (1) . 


C . Properties  of  SLG 

Table  5 gives  SLG  properties  obtained  from  hatch  samples.  Results 
for  Tests  158  and  159  are  included  because  the  samples  experienced  negli- 
gible extrusion  under  Group  2 loading  and  sample  configuration  (same  as 
Tests  140  and  141).  The  slightly  higher  crush  strength  Implies  proximity 
to  the  threshold  of  extrusion.  Figures  37  and  38  show  strength  proper- 
ties determined  by  Terra  Tek  from  samples  of  the  grout  batch  for  Tests  158 
and  159. 

The  main  Improvement  required  in  the  extrusion  experiment  is  a reduc- 
tion in  scatter  of  the  SLG  properties.  Table  5 shows  that  for  the  HSSL-IA 
mixture  of  Table  6,  unconflned  crush  strengths  can  vary  from  124  to  174  psl 
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even  with  precise  weighings  with  dried  fines,  same  mixing  times,  careful 
sealing,  and  same  aging  periods  and  temperatures.  Because  of  the  small 
batches  required  for  the  samples,  a sieve  analysis  was  conducted  on  six 
samples  of  the  Nevada  Test  Site  fines.  The  results  are  listed  in  Table  7 
and  are  indicated  by  the  bars  in  Figure  39.  Three  particle  size  distri- 
butions were  prepared,  according  to  Table  8 and  the  points  in  Figure  39, 
and  used  in  the  HSSL-IA  mixture  of  Table  6.  After  14  day  aging,  the 
samples  were  subjected  to  unconfined  crush  tests.  Results  are  given  in 
Table  3.  Although  the  tests  are  limited  in  number,  the  strengths  exhibit 
a trend  with  reduced  scatter.  It  is  recommended  that  design  size  dis- 
tributions be  Incorporated  in  future  extrusion  tests  if  further  strength 
tests  consolidate  the  findings  in  Table  8. 
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FIGURE  25  PISTON  DISPLACEMENTS  FROM  GROUP  2 TESTS  140  AND  141 
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FIGURE  34  PISTON  DISPLACEMENT  FOR  FRICTION  TEST  111 
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FIGURE  35  PISTON  DISPLACEMENT  FOR  FRICTION  TEST  1?1 
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Table  5 


Table  6 


MIXTURE  FOR  SUPERLEAN  GROUT  HSSL  lA 

^Nevada  Test  Site  Fines 
Type  G Portland  Cement 
Bentonite  (Gel) 

^CFR  2 
Water 


72.5  % 

3.2  % 

2.3  % 

0.03% 
22.0  % 


^Material  passing  through  Mo.  7 sieve  ! 

(retains  2.5  mm  dia  particles).  ^ 

^Concrete  friction  reducing  compound  2 

(detergent  powder) . ' 


Table  7 
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SIZE  DISTRIBUTIONS  OF  NEVADA  TEST  SITE  FINES  FOR  SIX  SAMPLES 


article 

iameter 

(mm) 

Percentage^ 

1 

1 

2 

3 

4 

1 

5 1 

6 

2.00 

73.3 

87.1 

77.5 

86.1 

1 

72.2 

77.0 

1.19 

56.0 

64.7 

60.9 

72.6 

58.5 

62.8 

0.50 

25.7  1 

29.5 

30.0 

38.3 

30.4 

33.1 

0.23 

11.8 

14.7 

; 14.6 

19.1 

1 

15.3 

^ 16.9 

0.15 

7.6 

10.2 

8.7 

1 12.5 

10.4 

11.4 

^Example;  In  Sample  3, 

1-  77.5  wt%  of  the  total  sample 

passed  through  a sieve  that 
retains  particles  larger  than 
2 mm  diameter, 

60.9  wtZ  of  the  total  sample 
passed  through  a sieve  that 
retains  particles  larger  than 
1.19  mm  diameter,  and  so  on. 


5 3 


2.0  j 80  72  j 70 

1.19  60  55  ! 45 

0.50  30  26  i 20 

0.23  16  j 11  I 10 


i 0.15  1 10  I 8 i 5 


PARTICLE  DIAMETER  — millimeters 


» I 


NO  MATERIAL  OVER  2.5mm  dia. 


FIGURE  39  CUMULATIVE  PARTICLE  SIZE  DISTRIBUTION  FOR  NEVADA  TEST  SITE  FINES 
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IV  CON’TAINMKNT  F.XPERIMENTAI.  RESULTS 

Table  9 lists  the  principal  constant  flow  rate  hydrofracture  tests 
conducted  on  12-inch-dianieter  RMG  spheres  under  1000  psi  ov'erburden  pres- 
sure with  either  exploded  or  unexploded  cavities.  The  tests  may  be 
divided  into  three  groups: 

1.  Tests  150  to  153  for  obtaining  the  fracture  pressure  in 
an  unexploded  cavity. 

2.  Tests  154  and  155  for  obtaining  the  fracture  pressure 
in  an  exploded  cavity. 

3.  Tests  160  to  163  for  obtaining  the  local  fracture 
pressure  away  from  the  cavity. 

Comparison  of  results  within  each  group,  provides  a measure  of  reproduci- 
bility. An  overall  quantitative  measure  of  the  effect  of  a residual  stress 
field  on  the  ability  of  the  material  to  contain  cavity  gases  is  obtained 
by  comparing  the  maximum  cavity  fracture  pressures  of  the  first  and  second 
groups.  Tiiese  values  are  1670  and  2480  psi,  respectively;  tims , the  resi- 
dual stress  field  incrt'ases  the  fracture  pressure  by  about  507.  in  these 
tests . 

"nexploded  Cavity  Tests  150-153  were  conducted  in  ttie  configuration 
ol  Figure  40.  fiie  pressure- f low  plots  of  Figure  41  were  constructed  from, 
the  complete  hydrofracture  records,  to  allow  an  assessment  of  reproduci- 
bility; plotting  continued  until  flow  was  stoppe.l.  The  fracture  pressures 
are  listed  in  Table  9 ns  1680,  1645,  1640,  and  1710  psi  with  an  average 

3 

ot  1670  psi.  Ihe  quantity  of  fluid  pumped  in  at  a flow  rate  of  4.26  cm  /minute 

3 

ranges  from  7.8  to  9.4  cm  at  fracture,  tfie  total  system  volume  being  about 

3 

91  cm.  (Table  1).  Com.pressib  i 1 i ty  ol  a 1 luid  with  a bulk  modulus  ol 
330,000  psi  accounts  for  only  0.46  cm*  of  the  total  volume  at  1700  psi. 

treating  the  RMO  sphere  as  an  elastic  m.aterial  of  sliear  modulus 
V,  = 10^  psi  about  to  yield  with  an  internal  pressure  of  = 1700  psi 
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and  a pressure  at  infinity  of  = 1000  psi,  gives  an  estimate  of  only 
3 °° 

0.016  cm  for  the  Increase  in  cavity  volume  before  fracture.  The  piping 

3 

system  with  gages  can  absorb  about  2.5  cm  at  1700  psi.  Thus,  most  of 
the  fluid  is  being  forced  either  into  the  rock  pores  from  the  cavity 
wall  or  around  the  access  pipe. 

As  shown  in  Figure  41,  the  cavity  pressure  drops  rapidly  following 
fracture,  because  fluid  can  now  flow  into  the  thin  plane  of  the  crack. 

The  minimum  pressure  ranges  from  1100  to  1300  psi.  A gradual  rise  in 

3 

pressure  follows,  implying  resistance  to  hydrofracture;  after  25  cm  of 
flow,  the  pressures  range  from  1150  to  1450  psi. 

The  sphere  was  removed  from  the  pressure  vessel  after  release  of 
the  internal  pressure  followed  by  release  of  the  overburden  pressure. 

In  each  case,  a crack  was  visible  around  almost  the  entire  circumference. 
The  two  halves  were  tapped  apart  by  use  of  a broad  chisel.  Figure  49 
shows  the  exposed  fracture  plane  and  the  extent  of  the  dyed  Glycerin 
fluid  in  Test  150.  Fracture  occurred  out  of  the  plane  of  the  access 
pipe;  thus,  the  pipe  probably  does  not  Introduce  a stress  concentration 
for  crack  initiation.  For  comparison  with  the  fracture  behavior  in  the 
presence  of  a residual  stress  field  note  that  the  flow  is  from  the  cavity 
outward  and  surrounds  the  cavity  in  a fairly  uniform  manner. 

The  configuration  of  Figure  42  was  used  in  Exploded  Cavity  Tests 
154  and  155.  The  pressure-flow  plots  of  Figure  43  were  constructed  from 
the  complete  hydrofracture  records  to  allow  an  assessment  of  reproduci- 
bility; plotting  continued  until  flow  was  stopped.  Fracture  occurs  at 
2500  and  2060  psi  and  the  maximum  pressures  achieved  are  2460  and  2620  psi. 

3 

The  quantities  of  fluid  pumped  in  at  a flow  rate  of  4.26  cm  /minute  are 

3 3 

3.5  and  6 cm  . These  values  are  below  the  range  of  7.8  to  9.4  cm  for 

the  Unexploded  Cavity  Tests  150  and  153,  implying  that  the  material 

around  the  exploded  cavity  is  less  permeable  because  of  crushing  of  the 

pores . 

In  both  tests,  the  pressure  drops  by  about  100  psi  after  fracture, 
considerably  less  than  in  Tests  150  to  153.  This  pressure  drop  Implies 
that  the  extent  of  initial  fracture  is  reduced  by  the  compressive  residual 
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stress  field.  The  pressure  now  rises  steeply  to  exceed  the  initial 
fracture  pressure,  probably  because  of  the  compressive  stress  field  re- 
sistance to  crack  propagation.  In  Test  154,  it  appears  as  if  a second 

fracture  is  initiated  at  a pressure  of  2450  psi  and  a fluid  flow  of 
3 

7 cm  . Ihe  pressure  then  drops  by  150  psi  and  gradually  Increases  to 

3 

2460  psi  at  about  15.7  cm  before  suddenly  dropping  to  1400  psi.  In 

Test  155,  an  apparent  second  fracture  does  not  occur.  The  pressure  rises 

to  its  maximum  at  2620  psi  and  drops  suddenly  to  1300  psi  at  about 
3 

10.5  cm  . The  sudden  pressure  drops  are  attributed  to  the  cracking 
breaking  through  highly  compressive  residual  stress  field. 

The  sphere  was  removed  from  the  pressure  vessel  after  release  of 
the  internal  pressure  followed  by  release  of  the  overburden  pressure. 

In  each  case,  a crack  was  visible  around  almost  the  entire  circumference. 

The  two  halves  were  tapped  apart  by  use  of  a broad  chisel.  Figure  50 
shows  the  exposed  fracture  plane  and  the  extent  of  the  dyed  Glycerin 
fluid  In  Test  155.  The  dyed  fracture  area  surrounds  the  cavity  circle 
but  lies  outside  an  irregular  annular  region  of  unfractured  material  that 
coincides  with  tlie  region  of  compressive  residual  stress.  The  exposed 
fracture  plane  is  intersected  by  another  orthogonal  fracture  plane. 

This  second  plane  is  dyed  and  intersects  the  cavity. 

The  photographs  of  Figure  48  show  the  corresponding  results  for 

3 

Test  146,  an  earlier  test  performed  at  a slower  t 1 ow  rate  (0.71  cm.  /minutel. 
The  dyed  region  is  less  extensive  but  the  character  is  the  same,  a breaking 
through  of  the  high  residual  stress  field  region  adjacent  to  the  cavity 
followed  by  spreading  hydro! rac ture  in  the  low  residual  stress  tiold 
region  beyond. 

Tlte  configuration  of  Figure  44  was  used  in  Fxploded  Cavitv  Tests 
160  and  161.  The  pressure-flow  plots  of  Figure  4'i  were  constructed  from 
the  complete  hydrofracturc  records  to  allow  comparison.  As  shown  in 
Figure  44,  local  pressurization  of  the  grout  away  i rom  the  cavity  is 
effected  through  four  1/8-inch-diameter  holes  in  the  access  tube.  The 
pressurization  location  is  outside  the  region  of  predicted  maximum  resi- 
dual stresses.  Figure  45  shows  that  the  pressure  histories  are  highly 
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oscillatory  in  those  two  tests  and  that  the  general  pressure  levels  are 
different.  This  behavior  probably  stems  from  the  highly  localized  com- 
plicated configuration  where  the  grout  is  pressurized,  providing  many 
stress  concentration  zones  for  local  crack  initiation.  Figure  51  shows 
the  main  fracture  plane  for  Test  161.  The  dyed  region  indicates  that 
the  crack  was  forced  to  spread  around  the  central  spherically  annular 
region  of  high  compressive  residual  stress.  A feature  not  previously 
observed  appears  in  Figure  51:  a crack  that  is  approximately  spherical, 

almost  surrounding  the  cavity  but  located  eccentrically;  this  feature 
was  not  observed  in  Test  160.  Formation  of  such  a circumferential  crack 
is  consistent  with  the  residual  stress  field  in  this  region  where  the 
radial  stress  component  is  predicted  to  be  less  compressive  than  the 
tangential  stress  component. 

The  configuration  of  Figure  46  was  used  in  Exploded  Cavity  Tests  162 
and  163.  The  pressure-flow  plots  of  Figure  47  were  constructed  from  the 
complete  hydrofracture  records  to  allow  comparison.  The  configuration 
for  local  pressurization  of  the  grout  away  from  the  cavity  provides  an 
exposed  cylindrical  grout  surface  1/4  inch  in  diameter  and  1 inch  long; 
the  objective  was  to  simplify  the  configuration  of  Figure  44  for  Tests  160 
and  161.  Figure  47  shows  that  the  pressure  histories  are  oscillatory  with 
differing  pressure  levels,  but  the  results  show  a marked  improvement  over 
those  of  Figure  45,  with  less  oscillation  and  smaller  pressure  difference 
(2000  and  2300  psi)  . Figure  52  shows  the  main  fracture  plane  for  Test  163. 
The  plane  is  almost  tangential  to  the  cavity.  The  dyed  region  Indicates 
that  the  crack  was  forced  to  spread  around  the  central,  spherically  annular 
region  of  high  compressive  residual  stress. 

Figure  53,  like  Figure  41,  shows  the  pressure-flow  curves  for  the 
unexploded  cavity  Tests  150  to  153  augmented  by  the  curve  for  Test  147, 
because  the  only  parameter  difference  is  the  smaller  cavity  size  (0.65  in 
diameter  compared  with  1.13  in  diameter  for  Test  147).  The  fracture 
pressure  of  1470  psi  in  Test  147  is  lower  but  comparable  with  the  average 

pressure  of  1670  psi  for  Tests  150  to  153.  Fracture  occurred  after  about 

3 3 

5 cm  of  flow,  which  is  well  below  the  7.8  to  9.4  cm  range  for  Tests  150 

to  153.  This  lower  flow  value  is  attributable  to  the  smaller  spherical 

surface  area  available  for  fluid  flow  into  the  grout  pores. 
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Figure  54,  like  Figure  43,  shows  the  pressure-flow  curves  for  the 

exploded  cavity  Tests  154  and  155  augmented  by  the  curve  for  Test  146, 

because  the  only  parameter  difference  is  the  smaller  flow  rate 
3 3 

(0,71  cm  /minute  compared  with  4.26  cm  /minute)  for  Test  146.  The  frac- 
ture pressure  for  Test  146  is  similar  to  that  for  Test  155  (2540  and 
2500  psi)  , and  the  overall  pressure  history  is  similar.  The  interesting 

difference  is  the  greater  fluid  flow  that  occurs  before  fracture  in 

3 3 

Test  146,  specifically,  24  cm  compared  with  about  4 and  6 cm  in 

Tests  154  and  155.  The  greater  flow  is  caused  by  the  slower  imposed 

flow  rate  allowing  a greater  volume  of  flow  into  the  grout  pores. 


SUM>IARY  LIST  OF  CONSTANT  FLOW  RATE  TESTS 


Type  A for  pressurization  In  cavity;  Type  B for  local 
pressurization  av.’ay  from  cavity. 
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CONSTANT  FLUID 
FLOW  RATE 


STEEL  TUBE  (3/8  in,  OD) 


12  in.  clia 
RMG  SPHERE 


EXPLODED  SPHERICAL  \ 
CAVITY 
("1-1/8  in.  dia) 


ORIGINAL  SPHERICAL 
CAVITY  (0.65  in.  dia) 


WATER 
1000  psi 


MA-3702-122 

FIGURE  42  CONFIGURATION  FOR  EXPLODED  CAVITY  TESTS  154  AND  155 
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PRESSURE 


154 


0 2 4 6 8 10  12  14  16  18  20  22  24  26  28 


VOLUME  - cc 

3?0?  1 14 

FIGURE  43  HYDROFRACTURE  PRESSURES  FOR  EXPLODED  CAVITY  TESTS  154  AND  155 


CONSTANT  FLUID 
FLOW  RATE 


STEEL  TUBE  (3/8  in.  OD) 


12  in.  dia 
RMG  SPHERE 


ORIGINAL  SPHERICAL 
CAVITY  (0.65  in.  dia) 


WATER 
1000  i)si 


MA-3702-149 


FIGURE  44  CONFIGURATION  FOR  EXPLODED  CAVITY  TESTS  160  AND  161 
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CONSTANT  FLUID 
FLOW  RATE 


/ 


WATER 

1000  |)si 


MA-3702  150 

FIGUHfc  46  CONFIGURATION  FOR  EXPLODED  CAVITY  TESTS  162  AND  163 
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FIGURE  49  HYDROFRACTURE 


FIGURE  50  HYDROFRACTURE 


FIGURE  51  HYUROFRACrURE  FROM  LOCAl  ITY  AWAY  FROM  AN  EXPLODED  CAVITY 
TEST  161 


FIGURE  51  HYDROFRACTURE  FROM  LOCALITY  AWAY  FROM  AN  EXPLODED  CAVITY 
TEST  161  (Concluded) 
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COyTAlNMENT  ANALYSIS 


SRI  Topical  Report  3702-2  presents  an  analytical  treatment  of  the 
dynamic  expansion  of  a spherical  cavity  caused  by  an  explosive  pressure 
pulse.  The  analysis  was  performed  to  describe  formation  of  the  residual 
stress  field  and  to  establish  dependence  of  the  field  on  the  parameters 
involved . 

The  analysis  is  a simple  extension  of  the  work  of  Hopkins^*^  to  de- 
scribe rebound  and  a second  expansion  phase.  Numerical  data  were  chosen 
to  correspond  to  the  laboratory  containment  experiments  described  in 
Sections  II-B  and  IV.  Predictions  for  the  final  cavity  radius  are  com- 
pared with  experimental  results.  Predictions  for  cavity  expansion  history 
and  stress  distributions  are  compared  with  the  predictions  of  a finite- 
difference  code.  Formulas  are  provided  for  the  final  cavity  radius  in 
terms  of  the  explosive  energy  supplied  and  for  the  maximuni  tensile  tan- 
gential stress  and  maximum  compressive  radial  stress  together  with  their 
locations  at  the  end  of  the  first  expansion  pliaso. 

From  the  numerical  examples  and  manipulation  of  the  governing  equa- 
tions the  lollowing  observations  are  made. 

• Cavity  expansion  and  contraction  compa’'ed  lavorably 
witii  finite-difference  cotie  predictions  (cotle  included 
compress ibi 1 i ty) . 

• .Stress  distributions  vWien  the  cavity  was  ftilly  expanded 
and  fully  contracted  showed  qualitative  agreement  with 
the  code  predictions.  Quantitative  differences  arise 
because  of  the  smaller  ranges  readied  by  rlie  elastic- 
plastic  interface  in  the  code  description,  because 
volumetric  plastic  work  is  tilloweil. 

• The  final  to  initial  radius  ratio  com.pares  reasonablv 
well  with  the  experimental  ratio. 


< 


• The  simplest  formula  for  the  upper  bound  of  the  final 
to  initial  radius  ratio,  a^/a^,  is 


82/30  = (w/4.3Y)^^^ 

where  w is  the  average  initial  energy  density  in  the 
cavity  and  Y is  the  yield  stress  of  the  surrounding 
material.  The  radial  ratio  is  thus  independent  of  the 
material  density,  shear  modulus,  and  overburden  pressure. 

• The  simplest  formulas  for  the  maximum  tangential  stress  Oj- 
and  the  maximum  compressive  radial  stress  Oj-,  together 
with  their  locations  R2  and  rm  at  the  end  of  the  first 
expansion  phase,  are 

0.9  - P /Y  < c /Y  < 1.0  - P /Y 

00  00 

R2/32  = (2G/Y)^^^ 

Cf^/Y  = -0.8  - P2/Y 

2.0  < r /a„  < 2.3 
m 2 

where  P2  is  the  cavity  pressure  when  fully  expanded. 

• MaxOt  and  max(-Cj-)  are  independent  of  density  and  shear 
modulus  and  are  approximately  ] Lnearly  dependent  on  the 
yield  stress. 

• MaxOf.  is  reduced  linearly  by  overburden  pressure  increase. 

• Max  (-a,-)  depends  linearly  on  the  residual  cavity  gas  pressure. 

• 82/32  independent  of  density,  cavity  pressure,  and 
overburden  pressure. 

• ’’m/32  restricted  to  a narrow  range  that  is  insensitive 
to  all  parameters. 
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A logical  next  step  in  the  use  of  the  analysis  is  to  derive  maximum 
stress  and  location  formulas  for  the  condition  of  full  cavity  contraction. 


Ttie  next  step  to  improve  the  analysis  is  to  incorporate  a 
yield  strength  that  is  less  than  the  compressive  yield  strength 


tensile 


VI 
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